Chemical fungicides are an important component in disease management for most crops. As part of a program to discover natural product-based fungicides, several sensitive assay systems have been developed for the evaluation of naturally occurring antifungal agents. In this study, we focused on the discovery and evaluation of new natural product-based fungicides from Angelica sinensis (Dong Quai) for use in control of strawberry anthracnose caused by Colletotrichum species. A. sinensis oil was evaluated for antifungal activity against three Colletotrichum species using direct-bioautography assay and a strawberry detached leaf assay using C. fragariae. Chemical composition and fingerprinting were conducted by gas chromatography and gas chromatography-mass spectrometry. Major components were identified as (Z)-ligustilide (43.1%), (E)-3-butylidene phthalide (14.5%), (Z)-β-ocimene (12.9%), and apiole (11.2%).
names associated with the A. sinensis root that has been used for more than 2000 years in Traditional Chinese Medicine (TCM). Dong quai is a blood tonic used in TCM herbal prescriptions and has been used effectively to treat painful menstruation, uterine bleeding, premenstrual syndromes, and some cardiovascular diseases [5] [6] . Dong quai has also been used as a tea to nourish brain, heart, and spleen with increased oxygenated blood supply, boost metabolism, reduce cholesterol, aid digestion, increase immunity, stabilize blood sugar and relieve pain caused by arthritis [6] .
Dong quai has a strong and pungent odor. This odor is related to its chemical constituent ligustilide, one of the major chemical components of its volatile oil [7] [8] . Ligustilide is also a marker compound for A. sinensis [9] . Pharmacological and clinical studies indicate that ligustilide is a bioactive compound used 1074 Natural Product Communications Vol. 3 (7) 2008 Tabanca et al. to inhibit platelet aggregation and treat menstrual disorders, premenstrual syndrome and menopause [10] .
Research efforts at the Natural Products Utilization Research Unit (NPURU) are focused on discovery and development of natural products derived from plants, with emphasis on compounds with fungicidal activity. Development of natural product-based agrochemicals from plants used in traditional medicine systems offers an opportunity to find new chemicals with reduced environmental and health hazards for agriculture.
Many phytochemicals derived from edible plants and fruits would receive a GRAS (generally regarded as safe) label and have lower development costs. As part of our program to discover novel natural product based fungicides for agriculture, several sensitive assay systems were developed to evaluate naturally occurring antifungal agents in plant, fungal, and marine extracts.
Direct bioautography is a successful technique used for prescreening large numbers of extracts or compounds, and bioautography is especially important in evaluating lipophilic extracts and compounds.
We also present information and discuss newer techniques such as the detached leaf assays for evaluating fungicides against strawberry anthracnose (Colletotrichum species). In this study, we investigated the chemical composition of A. sinensis root essential oil by GC and GC-MS techniques and identified antifungal properties of Angelica oil using bioautography and detached leaf bioassays.
In this present work, the hydrodistilled essential oil from roots of A. sinensis was analyzed both by GC and GC-MS, respectively. The compounds characterized and reported with their relative percentages are listed in Table 1 . A total of 27 compounds were identified, representing 94.0% of the total oil, with phthalides (59.4%) dominating. Monoterpene hydrocarbons (17.2%) represented the second largest group, followed by phenylpropanoids (11.3%), sesquiterpene hydrocarbons (2.3%), fatty acids (1.4%), other compounds (1.4%) and oxygenated monoterpenes (0.3%).
The main constituents were (Z)-ligustilide (43.1%), (E)-3butylidene phthalide (14.5%), (Z)-β-ocimene (12.9%), and apiole (11.2%). A. sinensis essential oils have been previously reported to be characterized by high contents of (Z)-ligustilide (45% to 60%) [7] . In this study, we found that the quantity of (Z)-ligustilide was slightly lower than that reported by Upton [7] , but the oil contained 11.2 % (E)-3-butylidene phthalide and 1.8% (Z)-3-butylidene phthalide ( Table 1 ). The post harvest processing of plant material, geographical location, and physiological stage of the plant may have contributed to the differences in compound concentrations between our previous reports [11] and those of Upton [7] .
Direct bioautography on silica gel TLC revealed antifungal activity of A. sinensis essential oil against C. acutatum (Ca Goff), C. fragariae (GF 63 and CF 75) and C. gloeosporioides (CG 162) Antifungal activity was indicated by the presence of clear inhibitory zones appearing against a dark background on the TLC plate. These clear zones represented regions where fungal mycelia or reproductive stroma were not present. A. sinensis essential oil showed non-selective activity against all three Colletotrichum species at 20 mg/mL in 4 and 8 µL ( Table 2 ). We previously isolated (Z)-ligustilide from the CHCl 3 extract of A. sinensis and then used the CHCl 3 extract as a standard source containing (Z)-ligustilide. 1D-bioautography revealed that the R f values of the active compounds corresponded with those of the (Z)-ligustilide and apiol standards. We then showed that (Z)-ligustilide in the CHCl 3 extract (4 μL of 20 mg/mL) demonstrated non-selective antifungal activity with a 5 mm inhibitory zone against each of the three Colletotrichum species. Apiol (4 μL of 12 mM) showed mild non-selective antifungal activity with 3 mm inhibitory zones. A. sinensis oil was more active in the bioautography assay than either (Z)-ligustilide or apiol and may possess synergistic antifungal activity in the unpurified essential oil.
Detached leaf assay results also indicated that A. sinensis essential oil was phytotoxic to the strawberry leaves in a dose-dependent manner ( Table 3 ). Disease scores were probably an artifact due to leaf damage caused by phytotoxicity. Colletotrichum species are opportunistic pathogens that often gain entrance into the plant via wounds. We believe that the phytotoxicity induced necrosis predisposed the strawberry leaves to Colletotrichum infection and eventual symptom expression.
Plants compartmentalize many toxic substances and upon pathogen attack, mechanical or insect damage, or stress these compounds, once released from their cellular compartments, mix and become a more toxic biological cocktail, where the combined components are defensive in nature. While essential oils were thought to assist plants in surviving and adapting to arid environments, our studies indicate that essential oils from numerous plant species often contain considerable levels of antifungal substances [12] .
While the antifungal activity of A. sinensis oil may be attributed to other compounds or additional combinations of compounds other than (Z)lingustilide and apiol, our work shows that at least these two compounds appear to have a functional role in plant defense without being toxic to the plant.
Direct bioautography on silica gel is our preferred primary screening bioassay for lipophillic compounds as agricultural fungicides because this assay more closely mimics a leaf surface than most aqueousbased micro-dilution broth assays [13] . However, the need for testing directly on the leaf surface is essential. Study of experimental compounds in either pots or experimental plots is not practical for many natural product lead compounds with limited availability. Development of new miniaturized bioassays is essential in order to efficiently move a lead compound from the laboratory to either the greenhouse or to the field.
Experimental
Plant material: Angelica sinensis roots were purchased from Jincheng Lingyi Drugstore, Weinan City, Shaanxi Province, China. Voucher specimens of the roots were deposited at the College of Agronomy and Biotechnology, China Agricultural University, Beijing, China.
Isolation of the essential oils:
A. sinensis roots were water distilled for 3 h using a Clevenger-type apparatus [14] to produce an essential oil with a 0.07% yield.
GC-FID and GC/MS conditions:
A. sinensis oil was analyzed by capillary GC and GC/MS using an Agilent GC-MSD system. The same column and analysis conditions were used for both GC and GC/MS. The GC/MS analysis was carried out with an Agilent 5975 GC-MSD system. A Hewlett-Packard-Innowax FSC column (60 m x 0.25 mm, 0.25 μm film thickness) was utilized with helium as carrier gas (0.8 mL/min). GC oven temperature was kept at 60°C for 10 min and programmed to 220°C at a rate of 4°C/min, and kept constant at 220°C for 10 min, then programmed to 240°C at a rate of 1°C/min, and kept constant at 240°C for 20 min. The split ratio was adjusted at 40:1. The injector temperature was at 250°C. MS were taken at 70 eV. Mass range was from m/z 35 to 450. The GC analysis was carried out using an Agilent 6890N GC system. FID detector temperature was 300°C. In order to obtain the same elution order with GC/MS, simultaneous injection was done by using the same column and appropriate operational conditions.
Identification of the essential oil components was carried out either by comparison of their relative retention times with those of authentic samples or by comparison of their relative retention index (RRI) to those of a series of n-alkanes [15] [16] [17] . Computer matching against commercial (Wiley and MassFinder 3.1) [18, 19] , and in-house "Başer Library of Essential Oil Constituents", composed of genuine compounds and components of known oils, as well as MS literature data [20] [21] [22] was also used for the identification. The relative percentage amounts of the separated compounds were computed from FID chromatograms. [24] . Whole leaves (petiole and leaflets) were cut from plants no more than 4 h before treatment or inoculation. Only the second or third youngest fully expanded leaves on a plant were used for the fungicide assay, and only leaves with no visible signs of injury or symptoms of disease were collected.
Immediately after collection, the leaves were placed in a tray lined with moist paper towels and the tray was closed to retain near 100% relative humidity (RH) and maintained at ~12°C. To test for protective fungicide activity, treatment compounds were applied to the upper surface of each of the 3 leaflets of the leaf using a chromatography sprayer. After treatment, the base of each leaf stem was inserted into sterile distilled water in a 100 x 10 mm tissue culture tube. Each upper surface of each fungicide treated leaflet was then inoculated with the test fungal isolate within 24 h of treatment. Inoculated leaves were subsequently incubated in a dew chamber for 48 h at 100 % RH, 30 o C and then maintained at 25 o C in a moist chamber at 100 % RH for 5 days. Sterile distilled water was added to each tube as needed to maintain the surface of the water above the base of the petiole. If a compound was to be tested for curative activity where the ability of a fungicide to inhibit disease development after infection has occurred, then leaflets were inoculated 24 h before the fungicidal compound was applied.
Experimental compounds were evaluated in a doseresponse format. Azoxystrobin and other fungicides that have protective and some curative activity were used as standards for comparison. A 20% ethanol:water solvent control was used in each study. Each fungicide concentration was replicated on 4 detached strawberry leaves (petiole and 3 leaflets) and the experiment was repeated at least once. The inoculation control was replicated 4 times in duplicate (n=8). This bioassay does not differentiate between direct effects of the compound on the fungus and indirect effects on plant defense induction on the fungus. However, if a compound is much more active in this assay than when used in the aqueous based microtiter assay, either solubility issues are involved and there is the possibility of the induction of an indirect-acting plant defense chemical cascade [27] [28] .
The detached leaf assay allows us to benchmark potential natural product lead compounds directly with a commercial standard (azoxystrobin) with a known mode of action (Q o I inhibitor). The number of diseased lesions was used to determine effective concentrations needed for disease control. Lesion size may also be used to determine the relative effectiveness of the systemic activity that produces curative activity at 24 h after inoculation (Kick-back phenomena) if the compound or extract has curative activity.
